ABSTRACT In this paper, we present a Rotman lens-fed Fabry-Perot resonator antennas (FPRA) for generating multi-mode OAM beams with low beam divergence. The Rotman lens works as a beamforming network in the FPRA for the multi-mode OAM operation, significantly simplifying the feed network of the antenna array. The partially reflecting metasurfaces (PRMS) composed of honeycomb complementary hexagonal patches and apertures are designed to construct the Fabry-Perot resonant cavity and enhance the directivity and meliorate the beam orientation of the generated OAM beam. The simulated and measured results verify the effectiveness of the proposed FPRA.
I. INTRODUCTION
Since the first discovery by Allen et al. from optical waves in 1992, vortex beams carrying orbital angular momentum (OAM) have aroused enormous attentions in many novel and comprehensive domains, such as quantum entanglement, nanoscopy, astrophysics, and optical communications [1] - [8] . Recently, OAM in microwave domain has attracted much attention as a promising candidate to increase the channel capacity and spectral efficiency in wireless communications, owing to its multimode orthogonality and the ability of transmitting multiple information synchronously at the same frequency [9] - [11] .
Numerous researchers have been devoted to the related explorations to obtain vortex beams with OAM in microwave domain by referring to the physical optics method [12] - [16] . A discrete spiral reflector is proposed for a total 2π phase shift around axis to generate OAM mode l = +1 [12] .
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Twisted parabolic reflectors are modified to convert the incident spherical wave into a vortex beam [13] - [15] . Dielectric spiral phase plates are introduced to acquire the varying equivalent permittivity around axis through drilling various-size or inhomogeneous holes [16, 17] . Major drawbacks with such optical methods are that, only the fixed-mode OAM beams can be created and the structures are also very ponderous. For the multi-mode OAM operation, circular array systems are realized by employing phase control networks [18] or time switched arrays [19] , which suffer from the high design complexity along with the tremendous cost. Besides, the beam divergence for different OAM modes is also very serious, which greatly limit the appeal of such method [20] , [21] .
Fabry-Perot resonator antennas (FPRAs) integrated with partially reflecting surfaces (PRSs) has aroused much attentions recently for improving the antenna directivity [22] , [23] . A considerable number of PRSs are constructed from metasurfaces, which are known as a kind of two-dimensional artificial electromagnetic structures [24] , [25] and have been deeply investigated to generate and focus the OAM beams [26] - [29] . A partially reflecting metasurface (PRMS) composed of complementary square patches and apertures was proposed to construct a wideband Fabry-Perot (FP) resonant cavity, but the structure is still with common square lattice, which restricts the isotropy and polarization insensitiveness of the overall PRMS [30] .
In this paper, we present a Rotman lens-fed Fabry-Perot resonator antennas to meliorate the multi-mode beams divergence and simplify the feed network for the OAM array. The FPRA is stimulated by a lens-fed circular array, and integrated with PRMS composed of complementary hexagonal patches and apertures to enhance the directivity as well as meliorate the beam orientation. Converged OAM beams with modes l = ±1 and l = ±2 are generated, and the simulated and measured results verify the effectiveness of the proposed FPRA. The rest of the paper is organized as the following sections. Section II presents the design and mechanism of the proposed lens-fed resonator antennas. The results and discussion for both numerical simulations and experimental verifications are given in Section III. Finally, conclusion is provided in Section IV.
II. STRUCTURE AND MECHANISM
The overall configuration of the Rotman lens-fed FPRA is shown in Fig. 1 , which consists of, from bottom to top, the Rotman lens, the ground plane, the circular array, and the PRMS. The Rotman lens-fed array has already been proposed for generating multi-mode OAM beams in the former work, but the beams divergence for different OAM modes is very serious and the array gains are also relatively low, which restrict the applications [31] , [32] . In order to better address and overcome these problems, we have further adopted the FP-resonant cavity to enhance the directivity as well as meliorate the divergence for beam pointing of different OAM modes in the conventional OAM array. The FPRA operates at the frequency of 7.5-8.0 GHz, with an overall dimension of 356 mm × 250 mm × 20 mm. The FPRA has five input ports, and different OAM modes can be generated when different ports excited.
A Rotman lens is chosen as a concise beamforming networks for the FPRA to generate multi-mode OAM beams. Fig. 2 gives the topological structure of the designed Rotman lens, which contains five beam ports, nine array ports, and eight dummy ports loaded with 50-absorbing resistors for reducing the internal reflections. The lens is manufactured on Arlon AD255 with the dielectric constant of ε r = 2.55 and thickness of d = 0.762mm. During the operation, the array ports are used to feed the circular array with a constant phase difference for the successive elements. When port B1 is excited, an average −80 • phase difference is generated successively from array ports A1 to A9. The phase difference becomes −40 • , 0 • , 40 • , and 80 • when excited by the beam ports B2, B3, B4, and B5, respectively.
The circular array is embedded inside the Fabry-Perot cavity, the nine elements of which are connected with the Rotman lens for the phase difference of = 2πl/N = l × 40 • between adjacent elements. To reduce the array mutual coupling, four elements of the circular array are reversed and the corresponding transmission lines are set half-wavelength longer to compensate the additional 180 • phase shift introduced. A common ground plane is employed between the lens and the array to eliminate the spurious radiation. The circular array has a radius of 38.8 mm, and is manufactured on Arlon AD255 with the thickness of d = 0.762mm and dielectric constant of ε r = 2.55.
The PRMS, composed of honeycomb complementary hexagonal patches and apertures, is designed for the construction of the FP-resonant cavity together with an air cavity and a ground plane. In our design, the PRMS is made up of periodic complementary structures composed of hexagonal patches VOLUME 7, 2019 FIGURE 2. The designed Rotman lens with five beam ports, nine array ports and eight dummy ports. and apertures. Owing to the isotropy of the hexagonal unit and the honeycomb lattice arrangement, the proposed PRMS are polarization insensitive, providing stable responses for different polarizations of the incident EM wave. The PRMS is manufactured on a substrate with a thickness of 0.787 mm and dielectric constant of 2.2, the lattice period is 8.44 mm and the diameters of the hexagonal patches and apertures are 8.28 mm and 7.3 mm, respectively. When the OAM beams emitted by the circular array arrive at the upper PRMS, they are partially reflected back to the cavity and partially transmitted. The partially-reflected beams would reach the upper PRMS again after a totally reflection by the ground plane as shown in Fig. 3 . To form a constructive interference in the cavity and thus achieve a maximal directivity, the thickness of the FP resonant cavity should satisfy
where D is the cavity thickness, d is the thickness of the substrate, ε r is the dielectric constant of the substrate, λ is the wavelength, φ PRS is the phase of the reflection coefficient of the PRMS, n is an integer corresponding to the cavity mode, and θ is the angle between the beam direction and the plane normal [33] . The optimized air cavity is D = 15.465mm. 
III. RESULTS AND DISCUSSION

A. NUMERICAL SIMULATIONS
To verify the effectiveness and applicability of the proposed FPRA, numerical simulations are performed for the lens-fed array both with and without the PRMS. 4 gives the radiation patterns of the Rotman lens-fed array without PRMS, where cone-shaped high-radiation profiles are clearly revealed. The spatial extent of the on-axis non-radiation region widens as the absolute value of the OAM mode increases. The main lobe directions for modes l = ±1 is around 16 • from the boresight axis, while those for modes l = ±2 are around 27 • . The on-axis non-radiation domain is over 20dB lower than the high-intensity region for both l = ±1 and l = ±2.
Fig . 5 presents the radiation patterns of the OAM-array with PRMS. It is seen that, the antenna directivity has a clear improvement, the side lobes decrease significantly, and the divergence for different OAM modes is also improved to a certain extent. The maximum directivity of modes l = ±1 is around 14 • from the boresight axis, while that of modes l = ±2 is around 17 • from the boresight axis.
The simulated far-field phase distribution of the Rotman lens-fed FPRA is shown in Fig. 6 , where the phase distributions of the generated OAM waves undergo linear variations around axis for modes l = ±1 and l = ±2. Besides, the changing trends for OAM beams with negative and positive modes are in opposite directions.
B. EXPERIMENT AND ANALYSIS
Based on the optimized results, the prototype lens-fed FPRA was fabricated, and the experimental verifications are performed in the anechoic chamber, as shown in Fig. 7 . When one beam port is excited, all other four beam ports should be terminated with 50-matched loads.
The S-parameters of the FPRA for both simulation and testing are shown in Fig. 8 , and the measurements are carried out with VNA Agilent 8722ES. The measured return losses for all five beam ports are higher than 10 dB from 7.5 GHz to 8.0 GHz, and ports isolations more than 10 dB are also obtained within the operating frequency band. It is seen that the measured results are somewhat deteriorated, which is primarily due to the fabrication inaccuracy and the manual assembly error.
The near field test scenario for different OAM modes of the FPRA is shown in Fig. 7 (b) . The measurements are performed by using a 3D platform in the near field chamber 
with an open-ended waveguide probe, whose scanning plane is 200 mm away from the FPRA with the overall range of 765 mm × 645 mm. Fig. 9 gives the screenshots of the measured near-field distribution results for both magnitude and phase. For the magnitude patterns, the doughnut-shaped high-intensity profiles are possessed for OAM mode l = 0, but there are also obvious dislocations and aliasing, which are mainly due to the limited resolution ratio introduced by the relatively large section of the probe. As for the phase patterns, the characteristic helical phase fronts are generated for mode l = 0, indicating that the multi-mode OAM radio beams are created. The changing trends for OAM beams with negative and positive modes are in opposite directions.
To further verificate the real radiation performance of the FPRA, the 2D far-field radiation patterns are furtherly measured and the results are given in Fig. 10 . Cone-shaped high-radiation patterns are clearly revealed for OAM modes l = +1 and l = +2. The direction of maximum radiation for OAM mode l = +1 is about 16 • from the propagation axis, while that of mode l = +2 is around 21 • . It is seen that, the main lobes of the two OAM modes are with conspicuous angle overlaps, which indicates that the beam divergence of different OAM modes has a clear improvement after introducing the FP-resonant cavity. Fig. 11 plots the simulated and measured maximum gains for different OAM modes at the center frequency f = 7.75GHz. Good agreement between the simulated and measured results are observed, and the radiation gain has a gradual decrease as the absolute value of the OAM mode increases. To furtherly evaluate the OAM mode purity, the OAM spectrums have been computed and presented in Fig. 12 based on the experimental results [12] . 
The measured results coincide well with the anticipative design goal.
IV. CONCLUSION
A Rotman lens-fed Fabry-Perot resonator antennas has been presented to meliorate the multi-mode beams divergence and simplify the feed network of the OAM array. The array is composed of night patch elements and fed by the Rotman lens to stimulate multi-mode OAM waves. The beam orientation is meliorated under the combined action of the PRMS and the ground plane. The simulated and measured results verify the effectiveness of the proposed FPRA. 
